The nature and magnitude of endemic waterborne disease are not well characterized in the United States. Epidemiologic studies of various designs can provide an estimate of the waterborne attributable risk along with other types of information. Community drinking water systems frequently improve their operations and may change drinking water treatment and their major source of water. In the United States, many of these treatment changes are the result of regulations promulgated under the Safe Drinking Water Act. A community-intervention study design takes advantage of these "natural" experiments to assess changes in health risks. In this paper, we review the community-intervention studies that have assessed changes in waterborne gastroenteritis risks among immunocompetent populations in industrialized countries. Published results are available from two studies in Australia, one study in the United Kingdom, and one study in the United States. Preliminary results from two other US studies are also available.
INTRODUCTION
This paper examines the available data from communityintervention studies to help develop a national estimate of waterborne disease risk in the United States. The general study design is discussed, and relevant, published studies of community drinking water interventions are reviewed. We discuss the specifics of each study, the principal results, and how data from these studies can quantitatively or qualitatively contribute to a national estimate of endemic waterborne disease in the United States. Also described are two unpublished studies along with preliminary results provided by the investigators. Finally, we discuss the strengths and limitations of community-intervention studies and make recommendations for future research.
THE CONCEPT: COMMUNITY-INTERVENTION STUDIES
are considered quasi-experimental because they contain elements of both types of studies (Craun et al. 2006a) .
In observational studies, the conditions of the study and exposures are not controlled by the investigator. Through the ascertainment of disease and exposures in a population, either prospectively or retrospectively, associations between risk factors or exposures and the health effect of interest are evaluated. The results of several types of observational studies of endemic waterborne risks are described in this special issue . Observational study designs are also useful in the investigation of outbreaks and can help determine if the water was the cause of the outbreak.
Outbreaks of waterborne disease in the United States are described by Craun et al. (2006b) .
The experimental study can be conducted at the individual (e.g. clinical trials) or population level. Experimental studies involving the controlled exposure of individuals to known quantities of organisms have been conducted to determine dose -response information for a specific organism (Dupont et al. 1995) . These results can be used as part of a microbial risk assessment for waterborne risks (Soller 2006) . Randomized household-intervention studies at the population level are discussed and reviewed by Colford et al. (2006) .
In community-intervention studies, the study parameters are not completely controlled by the investigator as they are in experimental studies. The investigators take advantage of natural experiments, incorporating basic design elements of observational studies. Water system interventions occur as the result of sociopolitical decisions or large scale environmental changes. Examples of opportunities for studying the contribution of microbial water contaminants to illness risks include changes made by water utilities in their source water, changes in disinfection practices, or addition of filtration usually as the result of drinking water regulation. Community-intervention studies employ a research design that has been used in a limited fashion in the last twenty years. The goal of these studies is to evaluate differences in illness rates before and after the intervention (e.g. change in water treatment). Similar to household-intervention trials, community-intervention studies estimate the number of cases of illness, if any, that were prevented as a result of the community intervention. The incidence of illness observed prior to the intervention or treatment change is compared to the incidence after the intervention, and the attributable risk (AR) is computed. If the prior incidence is higher, the risk is reduced; the relative risk and population attributable risk would be less than unity indicating a benefit (Craun et al. 2006a ) Since the outcome of interest is the benefit associated with the intervention, this measure can also be called the attributable benefit (Last 1995).
When designing an epidemiologic study of endemic waterborne risks, several important concerns must be addressed. Endemic gastrointestinal illnesses are rarely seen by the medical community in the United States.
Since the majority of gastrointestinal illnesses are not confirmed through the medical care system, other methods of illness detection must be developed. In assessing the drinking water risks, investigators must also study other risk factors and exposures including food, person-to-person transmission, contact with animals, foreign travel and recreational water contact. These exposures may present greater risks for gastrointestinal illness than drinking water exposures. Relatively large populations may be required in observational studies to obtain sufficient statistical power to detect an association between endemic gastrointestinal illness and waterborne exposures, and observational studies may not be economically or technically feasible to assess small risks, especially when it is difficult to ascertain gradients in exposures to microorganisms in drinking water. Although water quality will vary seasonally and the effectiveness of treatment is affected by operational practices, it is anticipated that waterborne microbial events will be low-level and sporadic. Ideally, sufficient waterborne exposure gradients to conduct a study can be obtained through changes in water sources or water treatment.
Dramatic changes in waterborne microbial exposures may occur when water sources are changed or treatment is added (Craun 1988) . Such an improvement in the microbial quality of drinking water should increase the probability that a community-intervention study will be able to detect a change in endemic illness, if one occurs.
REVIEW OF COMMUNITY-INTERVENTION STUDIES
Our review focuses on studies conducted in countries with a relatively high quality water supply and municipal water treatment. Studies in developing countries are not directly relevant to a national estimate of waterborne disease in the United States and are not included in this review. However, a recent review of intervention studies in less developed countries is of interest (Fewtrell et al. 2005 England, the health effect of interest was laboratoryconfirmed, symptomatic cryptosporidiosis. In all of the studies, the risk was assessed for the general population, and no studies specifically evaluated sensitive subpopulations (e.g. immunocompromised). Candidate communities were evaluated by water quality data, proposed construction schedules, and demographic information. Three communities were identified through this process, and studies were conducted when water treatment changes were scheduled.
Studies in the United States
The general approach to collecting illness information about waterborne AGI is the diary method. Study participants keep contemporaneous records of symptoms and illness events, and investigators maintain frequent contact to ensure diaries are maintained. The diary method used for all three US studies was similar to that used in the Canadian household-intervention drinking water studies (Payment et al. 1991 (Payment et al. , 1996 and in a US recreational water health study (Calderon et al. 1991) . A similar diary method was also used by Colford et al. (2002; 2005a, b) .
Community 1 (Calderon 2001)
In June of 1996, EPA began an epidemiologic study in Massachusetts to assess improvements in the quality of health that might be associated with water filtration. The water supply was a series of three connected reservoirs with relatively few point sources of sewage contamination. There was significant agriculture on the watershed including a commercial buffalo farm. Source water samples were negative for Cryptosporidium and Giardia. Water treatment changed from chlorination-only to a facility that used ozone, granular filtration, and chorination. Although this was initially to be a pilot study, sufficient information was collected about water quality and health to assess waterborne gastroenteritis risks.
Recruited families were asked to provide information about AGI by recording symptoms of illness in their diaries each day. An additional questionnaire was used to collect information about other potential sources of microbial exposures such as food, recreational water, animals, children in diapers, contact with other sick people, travel and other recreational activities (e.g. camping, hiking). Recruited families were followed for nine months (July 1996 -March 1997) before filtration began. After filtration and an interval of three months, families were followed again in the sameseason months (July-December 1997). A total of 1191 individuals, comprising 316 families, were enrolled into the before phase. For the after phase enrollment a total of 910 individuals in 254 families were enrolled.
The key endpoint of interest was credible gastrointestinal illness (CGI) defined as nausea and abdominal cramps; Residents of study area
Residents of study area
Dates of study 1996 -1997 2000 -2001 2001 -2002 1996-2002 1974-1980 1991-1997 Length of follow-up This definition is similar to the definition used in the Canadian studies (Payment et al. 1991 (Payment et al. , 1996 but is slightly more restrictive, as only a single episode of diarrhea had to be reported daily in the Canadian studies. It is less restrictive, however, in that the Canadian subjects were asked to distinguish between soft stools and bloody or liquid stools.
A reduction in CGI was associated with an improvement in water quality from the filtration. The only water quality parameter to change significantly was turbidity, and a major reduction in drinking water turbidity was seen after the introduction of filtration. Poisson regression analysis indicated significantly higher CGI rates (RR ¼ 1.8; 95% CI 1.5-2.1) in the before-filtration phase compared to the after-filtration phase (n ¼ 316 families before and 254 families after filtration). Higher CGI rates (RR ¼ 1.8; 95% CI 1.5-2.2) were also observed when the analysis included only those families that participated in both phases (n ¼ 99 families). As expected, age was a significant variable, with children experiencing a higher incidence of CGI; family size was also a significant predictor of illness. The youngest group (less than 6 years of age) had the highest rates of CGI, and the largest reductions in CGI episodes were found for the youngest group and young adults 11 -20 years of age.
The attributable risk (AR) for CGI (for all families) was calculated using {½pðRR 2 1Þ=½pðRR 2 1Þ þ 1} £ 100: The AR associated with unfiltered surface water is 34%; filtration resulted in a 34% reduction in CGI.
Community 2 (Frost et al. 2006 -preliminary) The second community intervention study was conducted in two cities in the state of Washington. The first city is served by two surface water supplies. The area of primary interest (Site During the before phase of the study, Site A had a significantly higher diarrheal illness rate than Site B. After filtration was installed at Site A, the two communities had comparable diarrheal illness rates. A preliminary analysis found that diarrheal illness rates in Site A decreased after filtration. Similar to the study in Community 2, an association was found between reports of illnesses in the before-and after-filtration phases. After adjusting for illness risks in the before phase, the diarrheal illness risk among participants over age 35 was significantly reduced after membrane filtration. Analyses are ongoing.
Studies in England and Australia

Goh et al. (2005)
The incidence of sporadic cryptosporidiosis among 106 000 residents of two local government districts in part of the Lake District National Park in the northwest area of England before and after installation of membrane filtration of public water supplies was compared to that of 59 700 residents of the Lake District whose public water supplies remained unchanged. A case of sporadic cryptosporidiosis was defined as a resident who had diarrhea (3 or more loose stools in a 24-hour period) and had a stool specimen positive for Cryptosporidium oocysts. Cases were excluded from the study, if within 14 days of illness onset, they had traveled outside the country, stayed outside the study area for these 14 days in 
STRENGTHS AND LIMITATIONS OF COMMUNITY-INTERVENTION STUDIES
Investigators who design and analyze community intervention must take into consideration not only many of the generic methodological and practical issues that arise in most epidemiologic studies but also several special challenges presented by a change in exposure for an entire community rather than for selected individuals. Koepsell (1998) reviewed the design of community-intervention studies and provided the following advantages of these studies in assessing changes in risk: † Community interventions reach people in their "native habitat" rather than people who volunteer for study in an artificial setting or clinic. For community-intervention studies no artificial conditions or specialized conditions are required for houses, workplaces or schools. For changes in water quality, the change is seamless in that, other than for changes in aesthetics, no other discernable changes are experienced by the population. † Targeting everyone in a community or area will change exposures for all and, thus, may prevent more cases of disease than targeting just high-risk individuals in a study. In considering why community-intervention studies are appropriate for assessing the health benefits associated with drinking water improvements, the broader "population" strategy is aimed at everyone rather than just those at "high risk" (e.g. boil water for A major issue of concern is the community-level variation of illness. Community-level variation is related to the basic idea that diseases do not occur at random in populations but vary systematically in relation to person, place and time.
Community variation has been well documented and geographic differences are the source of hypotheses. The design of community-intervention studies needs to take community variation into consideration. This was a key issue in the progression and design of the EPA studies. While the first study in Massachusetts was a single community, subsequent studies included both intervention and nonintervention communities to evaluate community variation.
Another concern is the random assignment of individuals into an exposure group. This is possible in experimential studies and ensures comparability of the exposed and non-exposed groups in terms of possible confounding among the US studies, a combined examination of the data would allow evaluation of community variation as well as other population aspects that may be important in studying gastrointestinal disease. Comparison of population enteric illness rates should also be made with other studies such at the FOODNET cross sectional survey and the Iowa household-intervention study (Colford et al. 2006 ).
There are similarities and differences between household-and community-intervention studies (Figure 1 ). Both studies consider source water, treatment, and distribution system risks, but the community system changes water exposures for all members of the community. The major difference is the lack of control for water consumption outside the home in household-intervention studies. These studies do not account for exposures outside the home (school, office, restaurants) or, in the case of point-of-use devices and bottled water, compliance with their use.
Exposure patterns to drinking water, especially for ingestion, are unknown, but a study in New York suggests that it is difficult to avoid tap water exposures outside the home (Davis et al. 1998) . However, as noted earlier, householdintervention studies offer the advantage of randomization of exposure for study participants. It would seem that both types of studies should be conducted to take advantage of their strengths. Thus, we recommend that investigators consider the possibility that a household-intervention trial and a community-intervention study might be conducted simultaneously.
Epidemiologists usually evaluate a body of evidence by considering results from different study designs conducted by different investigators in different locations. This is appropriate for endemic waterborne risks. Risks from communityintervention studies should be compared with the risks observed in experimental and observational studies.
SUMMARY AND CONCLUSIONS
What can community-intervention studies tell us about Two studies in Australia found no significant decreases in gastroenteritis associated with water treatment. However, gastroenteritis was defined differently from that in the US studies, and the changes in water treatment are generally not applicable to US water systems. In one study, hospital admissions and emergency room presentations for gastroenteritis were compared before and after chlorination of surface water sources. In the other study, investigators compared the number of requests for analysis of gastroenteritis-related fecal specimens before and after water treatment in 17 surface water systems. In 10 water systems that were previously disinfected, filtration was added, but the remaining seven systems were previously untreated.
To inform the national estimate of waterborne endemic AGI in the US, we have available results from Massachusetts, but only preliminary results are available from the other two study sites. In Texas, diarrhea risks were reduced after the addition of membrane filtration to a GWUDI. In Washington State, no decreased diarrhea risk was observed after the filtration of a high quality surface water source with a well-protected and restricted watershed.
The applicability and generalizability of the communityintervention studies reviewed here is limited given the availibilty of relevant studies and the current state of analyses. Studies outside the United States considered cases identified by medical surveillance. However, the results do provide insight into the potential range of benefits that may be associated with improved water treatment of certain water sources.
Important in interpreting the information is evaluating the statistical power of the study and deciding how representative the current results are in terms of the study design, a specific geographic location, time period, or type of water source or treatment. For example, if no benefit was associated with improved water treatment, was the study
